At hydraulic structures (e.g. weirs, spillways), air-water transfer of atmospheric gases (e.g. oxygen) occurs by self-aeration along the chute and by flow aeration in the hydraulic jump at the downstream end of the structure. In this paper, experimental data are re-analysed and compared with a numerical method to predict the free-surface aeration. Aeration at hydraulic jumps is also examined and compared with existing correlations. Calculations of free-surface aeration and empirical correlations for hydraulic jump aeration are combined to predict the DO content downstream of weirs and spillways. Good agreement between calculations and prototype data is obtained. The results indicate that self-aeration might contribute to a large part of the oxygenation taking place at hydraulic structures for small water discharges. For large discharges, the reduction or the disappearance of free-surface aeration affects substantially the aeration efficiency.
Introduction

Presentation
One of the most important water quality parameters in rivers and streams is dissolved oxygen (DO). The oxygen concentration is a prime indicator of the quality of the water. Dams and weirs across a stream affect the air-water gas transfer dynamics. Deep and slow pools of water upstream of a dam reduce the gas transfer process and the natural re-aeration as compared to an open river. But some hydraulic structures (e.g. spillway, stilling basin) can enhance the oxygen transfer during water releases. A typical weir structure includes a spillway followed by a dissipation basin with a hydraulic jump ( fig. 1 and 2 ). Aeration occurs along the spillway and at the hydraulic jump in the stilling basin.
Previous papers (table 1) have attempted to correlate the oxygen transfer at hydraulic structures. Most studies provide empirical correlations to estimate the overall transfer efficiency but the application of such correlations to a new structure is somewhat uncertain. In this article a method to predict the gas transfer caused by self-aeration is developed. The results are compared with experimental data [1] . The aeration calculations at hydraulic jumps are discussed and existing correlations are compared with prototype data.
Self-aeration and hydraulic jump calculations are combined to predict the dissolved oxygen (DO) content downstream of weirs and spillways. The results are compared with prototype data [1, 2] .
Air-water gas transfer
Fick's law states that the mass transfer rate of a chemical across an interface and in a quiescent fluid varies directly as the coefficient of molecular diffusion and the negative gradient of gas concentration [3] .
The gas transfer of a dissolved gas (e.g. oxygen) across an air-water interface is controlled by the liquid. Using Henry's law, it is usual to write Fick's law as :
C gas = K L * a * (C s -C gas ) (1) where C gas is the concentration of the dissolved gas in water, K L is the liquid film coefficient, a is the specific surface area and C s is the gas saturation concentration of dissolved gas in water. A recent review of the transfer coefficient calculations in turbulent flows showed that K L is almost constant regardless of the bubble size and flow situations [4] . Using HIGBIE's [5] penetration theory, the transfer coefficient of large bubbles (i.e. d b > 0.25 mm) affected by surface active impurities can be estimated as [4] : where D gas is the molecular diffusivity, and µ w and ρ w are the dynamic viscosity and density of the liquid.
Equation (2) was successfully compared with more than a dozen experimental studies. 
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Application to open channel flow
In free-surface flows along a spillway, the pressure variations are small, and the liquid density and viscosity can be assumed functions of the temperature only. In most practical applications, the temperature and salinity are constant along a chute, and the coefficient of transfer K L and the saturation concentration C s become two constants in equation (1) . Along a channel and at each location, equation (1) can be averaged over the cross-section and it yields [6] :
where U w is the mean flow velocity, a mean is the mean specific interface area and χ is a factor (close to unity) varying with the distributions of air-water interface area and dissolved gas concentration.
If equation (3) is integrated along a channel, flow aeration at weirs and spillways can be measured by the deficit ratio r defined as [7] :
where C US is the upstream dissolved gas concentration and C DS is the dissolved gas concentration at the downstream end of the channel. Another measure of aeration is the aeration efficiency E as [7] :
Effects of temperature
The temperature effect on the flow aeration was examined by several researchers (table 2) . [8] suggests to use an exponential relation to describe the temperature dependence on oxygen transfer :
where r is the deficit ratio at temperature T, T o is a reference temperature and the constant 1.0241 was obtained by [9] .
Oxygen transfer caused by free-surface aeration
Flow description
Supercritical turbulent flows in open channels are characterised by large quantities of air entrained across the free-surface 1 ( fig. 2 ). The entrainment of air bubbles modifies the flow characteristics [10, 11] .
Further the high level of turbulence and the air entrainment process enhance the air-water transfer of atmospheric gases and modify the downstream water quality.
1 Natural free surface aeration occurring at the water surface of high velocity flows is referred to as self-aeration. At a spillway intake, the flow over the channel is quasi-uniform. Next to the invert turbulence is generated and a turbulent boundary layer develops ( fig. 1 ). When the outer edge of the boundary layer reaches the free surface, turbulence can initiate free surface aeration. The location of the start of air entrainment is called the point of inception. Its characteristics can be computed using boundary layer methods [10, 12] . Downstream of the inception point, a mixture of air and water extends gradually through the fluid. The flow characteristics can be computed using the method developed by [10] and extended by the author [11, 13] .
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Hydraulic characteristics of self-aerated flows
In self-aerated flows, the air concentration distribution can be represented by a diffusion model of the air bubbles within the air-water mixture [14] that gives the shape of the air concentration distribution for all mean air concentrations :
where C is the local air concentration defined as the volume of undissolved air per unit volume of air and water, B' and G' are functions of the mean air concentration only [10, 11] , α is the spillway slope, y' = y/Y 90 , y is the distance measured perpendicular to the invert and Y 90 is the depth where the air concentration is 90%.
Next to the invert, prototype [15] and model data [16] depart from equation (7), indicating that the air concentration tends to zero at the bottom [13, 17] . A re-analysis of these data shows consistently the presence of an air concentration boundary layer in which the air concentration distribution is :
where C b is the air concentration at the outer edge of the air concentration boundary layer and δ ab is the air concentration boundary layer thickness. On Aviemore spillway, the author [13, 17 ] estimated δ ab = 15 mm.
C b satisfies the continuity between equations (7) and (8) . For spillway flows, the characteristic depth Y 90 is much larger than δ ab and a reasonable approximation is : C b ~ B'/(1+B').
Velocity measurements in self-aerated flows, performed on model [16] and prototype [15] , showed that the velocity distribution follows a 1/6 power law distribution :
and is independent of the mean air concentration. For a given mean air concentration, the characteristic velocity V 90 is deduced from the continuity equation for the water flow [11] : where C is computed using equations (7) and (8).
Air-water interface area
In a turbulent shear flow, the maximum air bubble size is determined by the balance between the capillary force and the inertial force caused by the velocity change over distances of the order of the bubble diameter. The splitting of air bubbles in water occurs for [18] :
where σ is the surface tension between air and water, d b is the bubble diameter and v' 2 is the spatial average value of the square of the velocity differences over a distance equal to d b . Experiments showed that the critical Weber number (We) c is a constant near unity (table 3). Assuming that the air bubble diameter is of the order of magnitude of the Prandtl mixing length (see appendix 1), a maximum bubble size in selfaerated flows (d b ) c is deduced from equation (10) :
where (We) e is the self-aerated flow Weber number : (We) e = ρ w *V 90 2 *Y 90 /σ.
With the hypothesis that : {H1} the critical Weber number equals unity and {H2} the bubble diameter is of the order of magnitude of the mixing length, equation (11) is compared on figure 3 with experimental data obtained on prototypes and models. The good agreement between experiments and calculations (eq.
(11)) suggests that the assumptions {H1} and {H2} are reasonable and that equation (11) provides an estimate of the maximum bubble size in self-aerated flows.
High speed photographs [19, 20] showed that the shape of air bubbles in self-aerated flows is approximately spherical and the specific interface area equals :
for air bubbles in water. For water droplets in air, the interface area is :
where d p the diameter of water particles.
The calculation of the air-water interface requires the definition ofan "ideal" air-water interface. An advantageous choice is the location where the air concentration is 50%. This definition is consistent with experimental observations (appendix 2) and satisfies the continuity of equation (12) Equations (11) and (12) enable the calculation of the air-water surface area in the air-in-water flow. Little information is available on the size of the water droplets surrounded by water. Photographs suggest that the droplet sizes are of similar size as the large air bubbles [21] and equation (11) estimate of the droplet sizes. It must be emphasised that the contribution of large particles (bubbles or droplets) to the interface area is relatively small.
On figure 4, equations (7), (8), (9), (11) and (12) are plotted and compared with air concentration and velocity data obtained on Aviemore spillway [15] .
Application : aeration efficiency of chutes
For spillway flows, the characteristics of the point of inception can be computed using WOOD's formula [10] . Downstream of the inception point ( fig. 1 ), the aerated flow characteristics can be computed using a simple numerical model [11, 16] . The results validating the model were presented elsewhere [11] . The author [6] showed that the air-water gas transfer due to self-aeration can be estimated at any position along a spillway.
RINDELS and GULLIVER [1] reported several measurements of dissolved oxygen content upstream, downstream and along spillways and weirs. Their photographs show clearly the existence of "white waters"
(i.e. free-surface aeration). For these measurements, the self-aeration efficiencies are deduced from the upstream DO content and the DO content at various positions along the chute upstream of the hydraulic jump. These data are compared with self-aeration predictions on figure 5. Figure 5 shows a reasonable agreement between the prediction and the measurements.
Discussion : Mean specific interface area
Dimensional analysis [6] indicates that the mean specific interface area is a function of the self-aerated flow parameters (Y 90 , V 90 , C mean ) and the fluid properties (ρ w , σ) :
The author investigated the effects of the mean air concentration and Weber number on the specific interface area using equations (7), (11) and (12) . The results indicate that the interface area can be correlated as :
Equation (14) is obtained for C mean between 0.05 and 0.60, and (We) e ranging from 1E+5 up to 1E+9
with a normalised correlation of 0.98. where d m is the maximum bubble diameter observed (d m = 2.7 mm). Equation (15) implies a mean = 721 m -1 for C mean = 0.30. The author believes that the photographic technique used by GULLIVER et al. [22] gives the bubble size distribution in the side wall boundary layer, which is characterised by higher shear stress and smaller bubble sizes than on the centreline. This might explain the differences obtained for the interface areas.
Oxygen transfer at hydraulic jumps
At the downstream end of a spillway, most flows are supercritical and the total head is larger than that of the downstream river. Most river and stream flow regimes are subcritical : a transition from supercritical to subcritical (i.e. hydraulic jump) occurs near the end of the spillway ( fig. 1 ). The hydraulic jump is characterised by the development of large-scale turbulence, energy dissipation and air entrainment. Gas transfer results from the large number of entrained air bubbles and the turbulent mixing in the jump.
Several researchers have proposed correlations to predict the oxygen transfer (table 4) . JOHNSON [24] developed an empirical fit of prototype data that works well with relatively deep plunge pools. But RINDELS and GULLIVER [25] showed that JOHNSON's method does not apply to the re-aeration of low DO contents with shallow plunge pools.
The author re-analysed field data [1] which provided DO measurements immediately upstream and downstream of hydraulic jumps. The upstream flow conditions of the jump were computed from growing boundary layer [10] and self-aerated flow [11] calculations. A comparison between data and correlations (table 4) indicates that the correlation of WILHELMS et al. [26] provides the best fitting for these data ( fig.   6 ). On figure 6 , the data are compared to two different predictions.
Dissolved oxygen downstream of a hydraulic structure
Results
At a weir ( fig. 1 ), the overall aeration efficiency is :
where E SA is the self-aeration efficiency and E HJ is the efficiency of the hydraulic jump. Note that E SA and E HJ must be taken at the same temperature of reference. 
Discussion : self-aeration efficiency
The author [6] performed a series of oxygen transfer calculations in self-aerated flows, assuming zero salinity, constant channel slopes ranging from 15 up to 60 degrees, channel lengths between 20 and 250 metres, discharges from 0.5 to 50 m/s 2 , roughness heights between 0.1 and 10 mm (e.g. concrete channels)
and temperatures between 5 and 30 Celsius.
The analysis of the oxygen transfer computations indicates that the free-surface aeration efficiency is independent of the initial gas content. For discharges larger than 0.5 m 2 /s, the numerical results suggest that the aeration efficiency can be correlated by : (17) where (q w ) c is the discharge for which the growing boundary layer reaches the free surface at the spillway end and no self-aeration occurs. The characteristic discharge (q w ) c can be deduced from WOOD's [10] formula :
(q w ) c = 0.0805 * (L spillway ) 1.403 * (sinα) 0.388 * k s 0.0975 (18) where L spillway is the spillway length and k s is the roughness height. and equation (17) . The results are encouraging and suggests that equation (17) can provide a first estimate of the self-aeration efficiency. Equation (17) provides E SA as a function of the discharge, slope and roughness height, for a given temperature. Note that equation (17) is an empirical correlation that has been developed for the dissolved oxygen content only.
Self-aeration measurements and calculations indicate that : 1-the aeration efficiency increases with the temperature as previously observed [2, 27, 28] , and 2-the aeration decreases when the discharge increases. It must be emphasised that the calculations become inaccurate for flat slopes (i.e. α < 15 degrees). For flat channels, little self-aeration occurs and the gas transfer process becomes dominated by turbulent mixing [29] . This process is not discussed in this paper.
Conclusion
Along a chute, the upstream flow is unaerated and little gas transfer takes place. Downstream of the inception point of air entrainment, the presence of air bubbles within the flow increases significantly the interface area and the gas transfer. The characteristics of self-aerated flows can be computed with a simple numerical method. These calculations provide, at any position, the bubble size distribution and the specific interface area, from which the dissolved gas content can be deduced. For hydraulic jumps, a review of existing correlation suggests that one formula [26] provides best results for some field data [1] .
Self-aeration and hydraulic jump calculations can be combined to predict the aeration efficiency of weirs.
The calculations have highlighted that the discharge is a critical parameter in the air-water gas transfer. At low discharges self-aeration may contribute up to 80% to 100% of the total gas transfer (eq. (17)). For large discharges, there is a critical discharge above which self-aeration does not occur along the spillway, and gas transfer occurs only in the hydraulic jump.
CHANSON, H. (1995). "Predicting Oxygen
It must be emphasised that there is an insufficient number of data available and that the calculations depend greatly on the estimation of the transfer coefficient K L .
Appendix 1. Bubble breakup in self-aerated flows
In self-aerated flows ( fig. 1) , observations of bubble diameters (table 5) indicate that the bubble sizes are larger than the Kolmogorov microscale and smaller than the turbulent macroscale. The length scales of the vortices responsible for breaking up bubbles are close to the bubble size [30, 31] . These eddies lie within the inertial range and are isotropic [30, 32] . Assuming that the break-up of air bubbles is caused by shear fields over the length of a bubble, the turbulent fluctuation equals : v' 2 = (ω*d b ) 2 where ω is the vorticity [33] . If the acceleration term dV/dx is small, the vorticity equals : ω = dV/dy. It yields :
Equation (A1) implies that the bubble diameter is of the order of magnitude of the Prandtl mixing length [6] . With this approximation, a maximum bubble size in self-aerated flows (d b ) c is deduced from equation Equation (A2) is compared on figure 3 with prototype and model data (table 5) . Equation (A2) satisfies the common sense that the maximum bubble size increases with the depth as the shear stress decreases [34] .
These results are consistent with observations [15, 19, 21] . HALBRONN et al. [19] observed "only extremely fine bubbles" (i.e. d b < 1 mm) near the bottom as described by equation (A2) (fig. 3 ).
Appendix 2. Definition of an ideal air-water interface
Air concentration distributions obtained on model and prototype [15, 16, 19, 23] exhibit continuous curves with respect to the distance normal to the spillway bottom. In the lower flow region, air bubbles are surrounded by water, and in the upper flow region water droplets are surrounded by air [15, 19, 23, 35] .
Previous studies (table 6) have defined the air-water interface as a function of the shape of the air concentration profile or for a given air concentration. In the upper flow region, high speed photographs [21, 36] showed overturning surface waves and water droplets being projected above the water surface and then falling back. KILLEN [36] discussed the concept of "air entrained flows" near the water surface. In any case, experimental works [15, 16, 37] showed that the air-water flow behaves as a homogeneous mixture below 90% of air concentration [34] . Further a review of these studies and those presented in indicates that : for C < 40% the air-water flow is characterised by air bubbles and air pockets surrounded by a continuous water phase and for C > 65% the mixture consists of water droplets flowing in an air flow. In between (i.e. 40% < C < 65%) the flow is an undefinable air-water mixture.
As a first approximation the ideal air-water interface can be advantageously defined as the location where the air concentration is 50%. This definition is consistent with the experimental observations reported in 
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